1. ON-center and OFF-center cells are found in separate sublaminae of the ferret's lateral geniculate nucleus (LGN). The purpose of these experiments was to determine whether this segregation is maintained in the projection from the LGN to primary visual cortex (area 17).
2. The distribution of the geniculocortical afferents within area 17 was studied by recording in layer IV after cortical neurons were silenced with kainic acid.
3. In 28 radial penetrations made into layer IV of five kainate-treated ferrets, the center types of 289 single units with response characteristics identical to those of geniculate cells were noted. A Monte Carlo analysis of these data demonstrated that the geniculocortical afferents cluster according to center type.
4. There was no tendency for ON and OFF afferents to occupy separate sublayers within layer IV.
5. The organization of the afferents in the plane of layer IV was studied by making closely spaced electrode penetrations across the dorsal exposed surface of the cortex in three kainate-treated ferrets. A Monte Carlo analysis of these results demonstrated that afferents segregate on the basis of center type, as well as on the basis of ocular dominance, into patches in the plane of layer IV.
6. The surface-mapping results and the results of experiments in which electrode penetrations were made tangential to layer IV indicated that center-type patches can extend over several hundred micrometers. A Monte Carlo analysis of the sizes of the ocular dominance patches and center-type patches provided further support for this conclusion.
INTRODUCTION
Within the mammalian central visual system, cells with different physiological properties are often segregated anatomically. The development and functional consequences of such segregation are questions of major interest.
Axons of the retinal ganglion cells from each eye terminate in separate laminae of the lateral geniculate nucleus (LGN) of the ferret (10, 23, 34 ). This segregation is maintained in the projection from LGN to cortex, resulting in the ocular dominance columns seen with transneuronal labeling techniques (20) . ON-center and OFF-center cells are also found in separate sublayers of the ferret's LGN (44). The purpose of the present experiments was to determine whether the axons of ON and OFF geniculate cells segregate within area 17 of ferrets, and if so, in what manner.
The segregation of the aRerents serving the two eyes into separate geniculate laminae occurs in many species, and the segregation of ON-center and OFF-center cells into separate geniculate laminae or sublaminae has also been reported in macaques (36), tree shrews (8), and mink (21) . However, the arrangement of these laminae within the LCJN and the organization of their projections to the cortex vary greatly among species. In macaques, segregation of the ON and OFF geniculocortical projections has not been re-ported. The axons of ON and OFF geniculate cells terminate in different sublayers of layer IV of the visual cortex in tree shrews (7), a species in which ocular dominance is also stratified (19) . In mink, a species that has ocular dominance columns, the evidence favors a patchy distribution of ON and OFF afferents similar to ocular dominance patches in the plane of layer IV (27).
There were two reasons for undertaking these studies in ferrets. First, the detailed organization of the geniculocortical afferents varies among the species studied to date, as mentioned above. Interspecies comparisons may help us to understand the degree to which cortical receptive fields are determined by particular patterns of afferent organization. Second, ferrets may be an ideal species in which to test hypotheses about mechanisms of development. Some hypotheses about the mechanisms that give rise to precise topographic maps and ocular dominance patches, for example, imply that other functional properties important to the discharge patterns of geniculate cells should also cause segregation. The immature state of the ferret visual system at birth should allow one to perturb early visual system development by manipulating patterns of neural activity postnatally. In other commonly studied species, such as macaque (30), cat (37) and tree shrew (5), the segregation of retinal ganglion cell axons into the appropriate geniculate laminae appears to be complete or nearly so by the time of birth. Ferrets, however, are born at a time when the axons from the retinal ganglion cells of the two eyes still overlap in the LGN (23) . Mink (Mustela vison) development might be expected to follow a time course similar to ferret (Mustela putorius furo) development, but ferrets are more tractable than mink and breed easily in the laboratory year-round.
In the present study, the organization of the geniculocortical afferents was revealed by microelectrode recordings from axonal arbors within layer IV of area 17. Following a suggestion of Dr. Helen Sherk, afferent activity was made easy to record by eliminating the activity of cortical neurons with kainic acid, an excitatory neurotoxin that kills cells while sparing terminals and fibers of passage (28). McConnell and LeVay (27) also used kainic acid to eliminate cortical activity and record from geniculate afferents in mink. The present technique differs from theirs in that a larger area of cortex was silenced, and afferents could be recorded for longer periods. In minks, a patchy distribution of ON and OFF afferents was inferred from the results of long penetrations made tangential to the cortical layers. The present method of kainate application permitted the construction of maps from multiple radial or vertical penetrations in order to show the distribution of afferent activity looking down onto the cortical surface.
The results obtained in kainate-treated ferrets suggested that LGN afferents do cluster according to center type and that this clustering results in patches of ON and OFF afferents in the plane of layer IV. These conclusions were strengthened by the results of quantitative analyses of the data using Monte Carlo techniques (11) . Some of these findings have previously appeared in abstract form (49).
METHODS

Animals
Eleven adult sable ferrets were used in these studies. The animals were obtained from Marshall Farms (New Rose, NY) and were maintained on a 14 h light: 10 h dark cycle in the vivarium at the University of California, San Francisco.
Electrophysiological recording
Animals were prepared for physiological recording using conventional techniques. The ferrets were initially anesthetized with a mixture of acepromezine (0.04 mg/kg) and ketamine (40 mg/kg) injected intramuscularly.
Atropine (0.08 mg) was administered intramuscularly every 12 h throughout the experiment. The femoral vein and trachea were cannulated, and surgical anesthesia was subsequently maintained with thiopental sodium administered intravenously as needed. All wound margins were infiltrated with lidocaine.
Each ferret was placed in a modified kitten stereotaxic apparatus, and the scalp was incised and retracted. A large craniotomy was performed, extending from Horsley-Clarke anterior-posterior -3.0 to the posterior pole of the cortex (approximately Horsley-Clarke anterior-posterior -8) and from Horsley-Clarke lateral-medial 1.5 to 8.5. The dura was opened and the exposed brain was kept moist with 0.9% saline or lactated Ringer solution.
Neuromuscular blockade was then induced with gallamine triethiodide (1 .O ml* kg-' . h-l, 10 mg/ml in 0.45% saline with 2.5% dextrose), and the ferret was artificially ventilated with a mixture of 75% nitrous oxide-25% oxygen at a rate and volume that maintained peak inspiratory pressure at 1.5 kPa and end-tidal carbon dioxide at 3.8-4.3%. The electroencephalogram (EEG) contralateral to the exposed cortex was continuously monitored, and thiopental sodium was administered at the first sign of desynchronization of the EEG. The animal's temperature was maintained at 37.5 "C using a feedback unit, and the animal's heart rate was also monitored throughout the experiment.
was connected to a capacity-compensated preamplifier (Grass, P15), and the signal was filtered at 30 Hz-10 kHz and displayed on an oscilloscope (Tektronix 5 115) and played on an audiomonitor (Grass AM8).
The cortical surface was photographed with a Nikon 35 mm camera mounted either on a bellows or a Zeiss operating microscope. When these photographs were printed at a final magnification of X28 the cortical vasculature was represented in enough detail to provide a convenient and accurate means of recording the entry points of the electrode penetrations.
After completion of the photography, a piece of filter paper (Whatman No. 4, 2 mm X 7 mm) was soaked in kainic acid (Sigma, K0250, 10 mM in 0.9% saline) and placed over the caudalmost part of the exposed cortex. The same kainate solution was superfused onto this filter paper at the rate of 67 ,ul/h, using a piece of Silastic tubing attached to a syringe placed in an infusion pump. The anterior part of the exposed brain was covered with saline-soaked filter paper. Moist cotton was then placed around the exposure and covered with Saran Wrap, creating a damp chamber over the cortex. The cotton was repeatedly moistened with saline throughout the infusion without disturbing the chamber. The nictitating membranes were retracted with phenylephrine hydrochloride, and plastic contact lenses were inserted to protect the corneas during the period of kainate application.
The kainate superfusion was continued for 12-14 h, after which time the filter paper was removed, usually with no apparent damage to the cortical surface. A dental cement well was built around the exposure and filled with either 0.9% saline or 300-Stokes oil (dimethyl polysiloxane, Dow Corning 200).
Receptive fields were plotted on the tangent screen using light spots or bars produced with a Zeiss handlamp or black discs held at the end of a wand. The screen had a background luminance of 6.2 cd/m2; the light stimuli were 0.85 log units brighter than background, and the dark stimuli were 0.75 log units darker than background. VERTICAL ORGANIZATION.
TO study the vertical organization of the afferents, radial penetrations were made into area 17 in five kainatetreated ferrets. The electrode was advanced in 40-pm steps, and responses were sought at each depth using flashing or moving spots and bars of light and black disks. Single-and multiple-unit responses could be recorded with these electrodes. For each response, the center-type, receptive-field location, and eye through which the response was elicited were recorded. Electrolytic lesions (5 PA X 5 s) marked selected positions along the course of a penetration.
In one animal, a stimulating electrode (lacquer-coated tungsten, 800-kQ impedance) was placed in the LGN at a site where the receptive fields of the geniculate cells overlapped those of the units recorded in the cortex (48).
HORIZONTAL
ORGANIZATION.
The horizontal organization of the afferents was studied in a series of surface-mapping experiments. Many closely spaced (loo-150 pm) penetrations were made across the dorsal surface of area 17 in three kainate-treated ferrets. The entry point of each penetration was marked on a photograph of the cortical surface. For each penetration, the electrode was advanced in 40-pm steps until the first afferent responses were encountered. Center-type, eye of origin, and receptive-field location were determined for the units encountered at this depth and at two successive depths spaced at 40-pm intervals.
The protective contact lenses were removed, and atropine was applied to dilate the pupils and paralyze accommodation.
Plastic contact lenses (2.6-2.8 mm base curve, plano) were selected to focus the eyes on a tangent screen placed either 57 or 114 cm in front of the animal. Focus was checked by retinoscopy. The projections of the two optic discs were plotted on the tangent screen using a reversing beam ophthalmoscope.
The horizontal organization of the afferents was further studied by making long penetrations tangential to the cortical layers. In two kainatetreated ferrets, one of which was also used in a surface-mapping experiment, electrode penetrations were angled dorsomedial to ventrolateral in the coronal plane. Such penetrations were expected to travel approximately parallel to the cortical layers. Responses were recorded at 20-pm intervals for as long as the electrode remained within layer IV. Tungsten microelectrodes (13) were used to recAn initial two animals were not treated with ord extracellularly from units in the cortex. The kainic acid, and the distribution of ON and OFF best electrodes for these experiments had impedactivity was recorded in layer IV. These animals ances of 1.5-2.0 MQ at 300 Hz and tapered to a were prepared for recording in the manner devery sharp point over 25-40 ,um. The electrode scribed, except that recording began immediately after completion of the photography. In these cases, the electrode was rapidly advanced normal to the cortical layers until it reached layer IV, recognized by the presence of units that responded to rapidly moving, nonoriented stimuli. Multiunit responses to flashed spots or moving disks were recorded at one or two depths within each penetration. Many such penetrations were made across the surface of the cortex.
Histology
The brains of the five animals used to study the vertical organization of the afferents were processed for histological reconstruction of the electrode tracks. At the end of the recording sessions, the ferrets were deeply anesthetized with an intravenous injection of pentobarbital sodium and perfused through the heart with 0.1 M phosphate buffer (pH 7.4) followed by 1.25% paraformaldehyde and 2.5% gluteraldehyde in this same buffer. The occipital cortex, including area 17, was removed, and the blocks were sectioned on a Vibratome at 40 ,urn in the coronal plane. All sections were collected, mounted on gelatinized slides, and stained with cresyl violet.
Quantitative analyses
Data were subjected to quantitative analyses in order to answer four questions. 1) Do afferents of the same center type tend to cluster? 2) If afferents do cluster, are there separate ON To determine whether the afferents are clustered according to center type, a Monte Carlo analysis was applied to the data from radial penetrations in which single-afferent responses were recorded in layer IV. Clustering was quantified using a cluster index
where s is the number of switches in center type between successively recorded units within a penetration and t is the number of units minus the number of penetrations. This index expressed the probability that two successively encountered units were of the same center type. This value was calculated for the pooled data from the animals used to study the vertical organization of the afferents.
A MicroVaxII computer then simulated 1,000 experiments in which responsive "units" were distributed among penetrations in the same way as occurred experimentally, except that the center type of each unit was randomly reassigned from a pool of "responses" that contained the same total numbers of ON and OFF responses as were found experimentally.
The value of the cluster index was calculated from the results of each of these simulations, allowing us to compare the degree of clustering observed experimentally to that which would be observed if ON and OFF afferents were randomly dispersed within layer IV. STRATIFICATION. To test for stratification, penetrations within layer IV were divided into thirds along their lengths. The frequency of units of each center type was calculated for each segment, and, these frequencies were compared using the Friedman two-way analysis of variance (39). Only penetrations in which units were recorded throughout the depth of layer IV were included in this analysis. PATCH ANALYSIS.
Data from the surface-mapping experiments were also analyzed with a Monte Carlo technique to determine whether there are ON and OFF patches in the plane of layer IV. For each map, the location of the entry point of each penetration was entered into the computer using a digitizing tablet. Each penetration was classified according to the center type and eye preference of the units it sampled. Boundaries were drawn around regions of common center type or eye dominance using an algorithm that effectively placed a border halfway between neighboring penetrations that fell into different response classes. The number of regions thus formed was counted to give the number of patches for each map. There should be fewer patches in a cortex in which afferents of the same type are clustered than in a cortex in which the afferents are randomly dispersed, assuming that the spacing between electrode penetrations is less than the size of the patches and that most sites do not yield mixed responses. For each animal, the number of patches found experimentally was compared with the values that resulted from 500 simulated experiments in which center types or eye preferences were randomly redistributed over the penetration sites.
PATCH-SIZE ANALYSIS.
A final Monte Carlo analysis was devised to estimate the sizes of the patches; this analysis was applied to both the center-type data and the eye-preference data. Simulated maps were constructed, consisting of patches modeled as a repeating series of parallel stripes. The aim of this analysis was to determine what range of patch widths or periods in the simulated maps adequately fit the experimental data. For the center-type stripes, each cycle consisted of an ON For each stripe period, 200 simulated maps (corresponding to a particular patch width) were created by randomly rotating and translating the original map before placing it on the field of stripes. Each penetration was then reclassified as ON-dominated, OFF-dominated, or MIXED according to the stripe on which it fell. Borders were then drawn around the regions containing penetrations of the same response category, using the same algorithm as described above, and the number of patches thus formed was counted, yielding a distribution of patch counts for each period. For each distribution, the percentile of the experimentally obtained patch count was recorded. These percentile values were then plotted as a function of period. We reasoned that the period for which the experimentally obtained patch count occurred at the 50th percentile was the most likely estimate of the period of the ON-
The same type of analysis was applied to the ocular dominance patches, except, in this case, the patches were modeled as a cycle of contralateralbinocular-ipsilateral-binocular parallel stripes. The relative widths of the stripes were again determined by the relative proportions of the different types of responses in the pooled data from the surface-mapping experiments. The shortcomings of this analysis and the validity of the underlying assumptions will be considered in the DISCUSSION.
RESULTS
Surface maps in untreated ferrets
Despite the use of stimuli that should more effectively drive geniculate afferents than cortical cells, cortical neurons contributed significantly to the responses. It was extremely difficult to attend to the geniculatelike responses in the presence of active cortical cells, and the ratings reported were contaminated by cortical cell respo nses . We concluded from these experiments that cortical neurons would have to be silenced if afferent responses were to be recognized consistently.
General eflects of kainic acid treatment
In initial experiments, an attempt was made to study the distribution of oN and OFF afferents in layer IV of normal cortex. Many closely spaced electrode penetrations were made into the exposed dorsal surface of area 17 in two ferrets, and multiple-unit responses were recorded within layer IV. At the beginning of each penetration, the electrode was quickly advanced until layer IV was recog-visual responses. After the longer exposures, nized by an increase in background activity neither visually evoked nor spontaneous acAfter 12-14 h of superfusion with kainic acid, neuronal activity was eliminated in the upper layers of the cortex. Recordings after shorter exposures to kainate (6-8 h) revealed seizure activity, which prevented the study of and the presence of units that responded to a light spot moved rapidly back and forth across the eyes. Once the electrode had reached layer IV, light flashes and rapidly moving light or dark spots were presented on the tangent screen, within the appropriate receptive field, and we attempted to evaluate the responses of the geniculate afferents. Afferent responses differ in quality from cortical-cell responses on an audio monitor: afferent activity sounds like a high-frequency "swish" that reliably follows even rapidly presented stimuli; cortical units have relatively low-frequency, habituating responses.
Afferentlike responses were rated on a 7-point scale [ l(7) = pure oN(OFF) response, W) = strongly ON(OFF) dominated response, 3( 5) = weakly ON(OFF) dominated response, and 4 = equally mixed on-off response] analogous to that commonly used to describe ocular dominance (15) . The results of these experiments are shown in Bottom: surface map obtained in j&ret F78 (60 penetrations).
Conventions the same as for the upper map. Caudal is up; lateral is to the right. Scale bar = 150 pm. tivity was encountered until the electrode reached the top of layer IV. Within layer IV, spontaneous activity was high and multipleunit responses were easily elicited. The single units that contributed to this activity could be distinguished when the appropriate electrodes (see METHODS) were used. These units, recorded after kainate treatment, had the response characteristics of geniculate cells (44, 48): they were driven through one eye only, they responded to high-frequency light flashes or rapidly moving light or dark spots within receptive fields of the appropriate size, they showed no preferences for stimulus orientation, most gave sustained responses to small spots of the appropriate sign of contrast, and all of those tested showed center-surround antagonism. Active units were also found within layer VI, but we did not attempt to study them further"
Although responsive units were abundant within layer IV, it was difficult to discriminate among them solely on the basis of differences in the sizes of their action potentials. The differences among single-unit waveforms were frequently discriminable when played through the audio monitor, however, and the ability to activate individual receptive fields with appropriate small spot stimuli made it possible to map single units during the few minutes that each produced the most distinct spike among the multiple units recorded by the electrode. It was almost never possible for us to hold the rare unit isolated using the window discriminator long enough to study its visual responses quantitatively. However, the units that remained isolated long enough to photograph their superimposed waveforms had very fast (~200 ps), small (lo-50 j,4V) action potentials, consistent with their identification as axons (1) . In one animal, a stimulating electrode was placed in the LGN at a site where the receptive fields of the geniculate cells overlapped those of the units recorded in the cortex. The units recorded in layer IV could follow electrical stimulation at this site at frequencies as great as 400 Hz, providing further evidence that the responsive units in kainate-treated cortices were the axon terminals of geniculate cells.
When the cortical surface was viewed through the surgical microscope during the recording sessions, the area exposed to kainate initially appeared normal. After several hours of recording, an exudate sometimes appeared on the cortical surface; in the most severe cases, this exudate obscured the cortical vasculature. Histology revealed gross abnormalities in the kainate-treated cortices. Kainate-treated cortices were very pale staining, and the thickness of the cortex was reduced. Only glia stained darkly, and the presumed neurons appeared ghost-like. All cell layers were affected in the areas that had been underneath the kainate-soaked filter paper. Although the laminar borders were less distinct than in normal tissue. laminae were still distinguishable cytoarchitectonitally. Histologically abnormal regions had fairly sharp borders that extended less than 1 mm beyond the edge of the filter paper.
Despite the severity of the damage seen histologically, some cortical responses returned some (8 to more than 12) hours after the kainate superfusion had been discontinued. This responsiveness was often accompanied by seizure activity. Experiments were terminated when large units with orientation-specific responses began to contribute to the recordings. A section through the cortex of one animal perfused at this time is shown in Fig. 2 . The chronic effects of this method of kainate application are not known.
Reconstructions of electrode penetrations in kainate-treated cortices confirmed that the units studied were within layer IV. Laminar position of recording sites was assigned by referring to microdrive readings at recording sites and at electrolytic lesions, such as those shown in Fig. 2 . These lesions, marking the bottom of the region from which units were recorded, are at the border between layers IV and V.
Vertical organization in kainate-treated animals
Twenty-eight radial penetrations were made into area 17 of five kainate-treated ferrets, and recording sites were spaced at 40-pm intervals throughout the depth of the cortex. In the first animal (7 penetrations), stimuli were presented in an area of the visual field greater than the size of typical LGN receptive fields, and multiunit responses were rated using the 7-point scale mentioned above. In subsequent experiments, however, it was found that single units could be easily distinguished by their distinct receptive fields when smaller stimuli were used and individual receptive fields were mapped carefully. Single units gave exclusively ON-center or OFF-center responses. Although the results from the first animal were consistent with those found later, only the single-unit recordings from the other four ferrets were considered further.
Afferent responses were recorded throughout the depth of layer IV in 16 electrode penetrations; responses were recorded over shorter (~200 pm) distances in an additional nc.
2. A: coronal section through area 17 of a normal ferret. The section has been stained with cresyl violet. Roman numerals identify the cortical layers. B: coronal section through area 17 of a kainate-treated ferret. Kainic acid was superfused onto the cortex for 14 h (see METHODS); the animal was perfused 12 h after the kainate superfusion was discontinued. This section has been stained using the same protocol as the section shown in A, and the photographs are printed at the same magnification. To aid in comparison, the sections in A and B have been positioned so that the IV/V borders are aligned. Note the shrunken, pale staining appearance and that all cell layers are affected. Three electrolytic marking lesions (-) are seen at the border between layers IV and V in (B). Scale bar applies to both A and B and equals 200 pm. The dorsal (pial) surface is up; lateral is to the left. WM, white matter. five penetrations.
Reconstructions of four representative electrode penetrations are shown in Fig. 3 . At many depths it was possible to record from more than one unit. When the electrode was advanced, characteristically one or two single-unit responses could be discerned. After a few minutes, the responses of new afferents would be recorded at the same nominal electrode position. These were distinguished from the previous units by their receptive fields. The new responses were from different afferents and did not merely reflect changes in the receptive fields of previously encountered units caused by slippage of the eyes: the center type as well as the receptive-field location of the response sometimes changed, and it usually remained possible to record responses from one or more previously detected units to stimuli of the appropriate contrast presented within their original receptive field(s). We believe that small movements of the electrode relative to the surrounding axon terminals resulted in the appearance and disappearance of particular responses. If responses were elicited from the same receptive field at adjacent sites, only the first response was counted. It is therefore possible that a larger number of units were actually recorded than were counted. Of the 16 penetrations in which responses spanned layer IV, 6 contained only ON afferents, 2 contained OFF afferents exclusively, 2 contained a region of one center type followed by a region of the second center type, and 6 had units of both center types interspersed throughout layer IV. Figure 4 shows the receptive fields of the units illustrated in Fig. 3 Inspection of the reconstructed penetrations lead to the conclusion that geniculate afferents with the same center type tend to cluster within layer IV of area 17. This conclusion was supported by the results of the Monte Carlo analysis illustrated in Fig. 5 . The value of the cluster index (87) calculated from the experimental results was outside the range (40-59) of values calculated from each of 1,000 computer-simulated experiments (see METHODS) in which ON and OFF afferents terminated randomly within layer IV. Thus the probability of encountering ON and OFF geniculate afferents clustered to the degree found experimentally in a randomly organized projection was co.00 1.
Clustering of axons of the same center type could reflect either of the two patterns of segregation of ON a nd OFF afferents reported in other species: 1 '1 stratification of ON and o FF afferents within layer IV or, 2) separation of ON and OFF axons into patches in the plane of layer IV. These data provided evidence against stratification. The reconstructed penetrations were divided into thirds along their lengths, and the proportions of ON and OFF units encountered in each segment were calculated. There was no tendency for units of either center type to be found preferentially in the top, middle, or bottom of layer IV, as shown in Fig. 6 .
Horizontal organization in kainatetreated ferrets
To study the horizontal organization of the ON spaced penetrations were made across the dorsal surface of area 17 in three kainatetreated ferrets. Multiunit responses were recorded near the top of layer IV, at three depths spaced at 40-pm intervals. Each multiunit response was rated using our 7-point ON/OFF scale and the 7-point ocular dominance scale of Hubel and Wiesel (15) . Ratings at the three sites were averaged to give single response ratings for center type and for ocular dominance for each penetration.
The mapping data were analyzed using a Monte Carlo technique to determine whether the patchy appearance of the maps resulted from significant segregation of the afferents. The degree of segregation was evaluated by counting the number of patches in each map; the more segregated the ON and OFF projections and the larger the patches in relation to the spacing between penetrations, the fewer patches will be found in a given map. For each animal, 500 simulated maps were generated by randomly redistributing the center types among the penetration sites, and the number of patches in each of these maps was counted. Figure 9 shows the distributions of the numbers of patches obtained from the simulated maps for each animal. In each case, the number of patches found experimentally is at the lower extreme of the distribution of values found for the simulated random cases. The probability of obtaining the experimental results if the afferents were dispersed randomly in the plane of layer IV is less than 0.0 1 forkrrets FllO and F113 and co.05 forferret F116. The surface maps of ON and OFF activity This Monte Carlo analysis was also apobtained in the three experiments are shown plied to the ocular dominance maps from in Fig. 7 . When constructing these maps, re-FllO and F116. The third map (F113) consponses rated 1 and 2 were classified as ON- tained only one penetration in which units dominated, responses rated 3, 4, and 5 were were driven through the ipsilateral eye; simuclassified as MIXED, and responses rated 6 lations would therefore result in patch counts and 7 were designated OFF-dominated. It can of two for all of the randomly generated be seen that neighboring penetrations tend to maps. Figure 9 shows the distribution of the encounter afferents of the same center type. number of patches found for each animal in When borders were drawn around regions in 500 computer-simulated maps in which eye which all penetrations are in the same cate-preference was randomly reassigned. In both gory, the surface of layer IV appeared as a patchwork of ON and OFF afferent activity. Figure 8 shows surface maps of eye preference constructed from the same afferents as were used to make the ON/OFF surface maps of Fig. 7 . As when making the center-type maps, the original seven response classes have been compressed into three categories: contralateral-dominated (groups 1 and 2), binocular (groups 3, 4, and 5), and ipsilateral-dominated (groups 6 and 7). Afferents serving the contralateral and ipsilateral eyes also appeared to terminate in separate patches in the plane of layer IV. Ocular dominance patches have been previously demonstrated in ferret area 17 by transneuronal labeling techniques (20) so their appearance here was expected. Graph shows mean k standard error of the mean. There was no tendency for units of either center type to be distributed preferentially in the top, middle, or bottom of layer IV.
cases, the number of patches found experimentally is outside the range of values generated by the simulations. These results demonstrate that this analysis was capable of confirming nonrandom organization in a system in which there is independent anatomical evidence for segregation of the afferents.
Correspondence ofocular dominance patches and center-type patches Eye patches and center-type patches generally do not share the same borders, as can be seen by comparing Figs. 7 and 8. When the center type changed between penetrations, the eye through which responses were elicited usually stayed the same. When the eye through which units were driven changed between penetrations, the center type usually remained the same.
Patch size
The complete borders of only a few patches were defined, making it impossible to draw any firm conclusions about the size of the center-type patches. Center-type patches as large as 700 pm across and smaller than 300 pm across were observed. Eye patches ranged from < 190 ,urn across to >490 pm across. We considered the possibility that the real patches might be much smaller than those observed when penetrations were spaced at lOO-to 150~pm intervals. If this were the case, the observed patches might result from aliasing. Observations in two kainate-treated animals showed that this was not the case. In these two animals, electrode penetrations were made tangential to layer IV, and activity was sampled at 20-pm intervals. The results obtained in one of these animals are shown in Fig. 10 . The electrode traveled within layer IV in four penetrations. In two of these penetrations, the electrode encountered single-and multiple-units of only one center type (ON) for as long as it remained within layer IV, a distance of 440 pm in the third pass illustrated in Fig. 10 , and 220 pm in the fourth (most rostral) pass. Long rows of OFF responses were also found: the electrode encountered only OFF units during travels of 340 and 400 pm in the two caudal passes. These results demonstrate that center-type patches can extend for at least several hundred micrometers in the coronal plane, confirming the conclusions drawn from the surface mapping results.
A final Monte Carlo analysis (see
METHODS)
was applied to both the centertype and eye preference data in an attempt to obtain estimates of the sizes of the center type and ocular dominance patches. Simulated maps were formed by placing the experimentally obtained maps over a field of parallel stripes, reassigning the response classification of each penetration according to the stripe upon which it fell, and drawing borders around regions with common responses. These simulated maps were similar in appearance to the maps obtained from the experimental data: the maps looked patchy, and, in many cases, there was no hint of the underlying striped pattern. The appearance of the maps was thus seen to depend on where responses were sampled, as well as on the actual organization of the cortex.
If the ON and OFF (or contralateral and ipsilateral) projections are organized into a series of parallel stripes, simulated maps should result in patch counts like those found experimentally when 1) the period of the simulated stripes equals the actual period, and 2) the maps are oriented so the real stripes are aligned with the simulated stripes. Simulations were performed for a set of periods ranging from 100 to 3,200 pm. Two A "patch" was defined as a continuous area in which all penetrations were given the same classification.
In each case, the arrow shows the number of patches in the experimentally obtained surface map; the numbers in the upper right corner give the probability of the experimentally obtained value occurring in a cortex in which the geniculocortical afferents were randomly distributed with regard to center type or eye preference.
hundred simulated maps were produced for each period, and the number of patches in each of these maps was counted. A distribution of patch counts was thus produced for each period, and the percentile occupied by the experimentally obtained patch count was recorded. If the experimental value occurred at a very low percentile, simulations at that period resulted in many more patches than occurred experimentally, and the period was likely to be too small. If the experimental value occurred at a very high percentile, the period was likely to be too large. The range of periods in which the experimental value ocWe were guided by the anatomical data on ocular dominance columns when interpreting the results of this analysis. In all cases the anatomically derived estimate of the period of the ocular dominance columns (approximately 820 pm; 20) fell into the range of values of the period for which the experimental patch count fell between the 16th and 84th percentiles. However, application of this analysis to some of the maps resulted in a range of estimates for the period that was too large to be useful. Plots of the percentile that contains the experimentally obtained patch count versus period are sigmoidlike curves that are linear between upper and lower bounds. The slope of the linear part of these curves determines the utility of this analysis: the steeper the curve, the more restricted the range of estimates for the most likely period. When the curves obtained for each animal were compared, it was found that this slope increased as the number of experimentally observed patches increased.
When estimating the size of the patches from these results, we decided to restrict our attention to those curves with relatively steep slopes: we chose to consider only the data from maps containing nine or more patches. This value was chosen, albeit somewhat arbitrarily, for two reasons: first, higher cutoffs, which would have given us a more restricted range of estimates for the period, would have left us with fewer than two curves from which to consider the ocular dominance results, and, second, the estimate of the period of the ocular dominance columns obtained from the two steepest ocular dominance 
800
A Monte Carlo analysis (see METHODS) was applied to both the center-type and eye preference data in an attempt to obtain estimates of the sizes of the center-type and ocular-dominance patches. ranging from 100 to 3,200 pm. Twohundred simulated maps were produced for each period, and the number of patches in each of these maps was counted.
A distribution of patch counts was thus produced for each period, and the percentile occupied by the experimentally obtained patch count was recorded. The first column gives the animal from which surface maps were obtained, and the second column shows the number of patches found experimentally.
Only the maps from which nine or more patches were found experimentally are considered (see text). The third column gives the range of periods in which the experimental value occurred between the 16th and 84th percentiles (+l standard deviation). The fourth column gives the period in which the experimental value occurred at the 50th percentile, the most likely estimate of the period of the cycle. The upper part of the table summarizes the results of the analysis of the size of the ocular dominance patches, whereas the lower half shows the results for the center-type patches. *Kainate treated.
curves is in good agreement with that obtained from anatomical experiments (20) . The results of the patch-size analysis are summarized in Table 1 . We reasoned that the period for which the experimental value occurred at the 50th percentile of the patchcount distribution is the most likely estimate for the value of the real period. From these results, the most likely estimates of the period of the ocular dominance cycle (contralateral-binocular-ipsilateral-binocular) were 950 and 1,050 pm. The most likely estimates ofthe ON-MIXED-OFF-MIXED cycle were between 425 and 800 pm.
DISCUSSION
Recordings of afferent terminals within area 17 of kainate-treated cortices revealed that the axons of ON-center and OFF-center geniculate cells are found in separate patches in the plane of layer IV. These recordings also confirmed the segregation of afferents serving the contralateral and ipsilateral eyes that had been previously observed using anatomical tracing techniques (20) .
Did kainate treatment allow mapping of geniculocortical a&rent organization?
Evidence presented in RESULTS indicates that the recordings obtained were from geniculocortical afferents. There is no reason to doubt that the recordings sampled from the normal complement of afferents. We cannot exclude, however, the possibility that a subpopulation of afferents was damaged by kainic acid and rendered unresponsive or inaccessible to the electrode.
It is also possible that the geniculocortical arbors were reshaped as a consequence of the changes induced in the membranes of their target cells by kainate treatment. A reorganization of the retinogeniculate afferents has been reported following degeneration of their geniculate target cells after ablation of visual cortex (3 1). However, these changes were observed after much longer times (4-12 mo) than were allowed in the present, acute experiments. It also seems likely that any such reorganization would obscure, rather than create the illusion of, patches. Perhaps the strongest evidence that the results obtained in the kainate-treated cortices are not artifactual is that the ocular dominance data are completely consistent with anatomical results in normal cortices: the size of the ocular dominance patches, the relative sizes of projections serving the contralateral and ipsilatera1 eyes, and the degree of overlap between afferents serving the two eyes are what would be expected from transneuronal-labeling studies (20) . Thus it is likely that the distribution of the afferents found in kainatetreated cortices accurately reflects the normal organization of the afferents.
How segregated are the ON and OFF afirents?
Monte Carlo analyses of the surface-mapping data allowed us to reject a null hypothesis that the afferents are randomly dispersed in the plane of layer IV with greater certainty for the ocular dominance maps (P < 0.002 in the two cases in which the analysis was applicable) than for the center-type maps (P < 0.01 for two of the maps, P < 0.05 for the third map). There are at least two possible explanations for this difference.
First, the difference in the results of the Monte Carlo analyses may arise because the center-type patches are smaller than the ocular dominance patches. A given area of cortex would then be likely to contain more center-type patches than ocular dominance patches, as was indeed the case in all five surface maps from both the normal and kainate-treated ferrets. Our measure of segregation, the number of patches per map, depends on the size of the patches relative to the area mapped. Analyses of the patch sizes yielded larger estimates for the period of the ocular dominance cycle than for the period of the center-type cycle. Because relatively small areas of cortex were mapped in these experiments, the Monte Carlo analysis could not so strongly demonstrate segregation for the center-type patches as for the ocular dominance patches.
Alternatively, afferents may indeed segregate more nearly completely on the basis of ocular dominance than on the basis of center type. Since the eye-specific geniculate laminae are more sharply defined anatomically than are the center-type leaflets, the terminal zones of the laminae within layer IV (eye patches) might be expected to be more distinct than the terminal zones of the leaflets (center-type patches). The surface mapping results fail to support this hypothesis: only 9% of the penetrations from the surface mapping experiments were classified as MIXED, whereas 13% were classified as binocular. However, consideration of the vertical organization of the afferents suggests that center-type segregation may not be as strict as segregation based on ocular dominance. Of the 16 penetrations in which responses were recorded throughout the depth of layer IV, 6 contained afferents of both center types interspersed throughout the penetration. The eye through which responses were elicited was also recorded for these afferents; within each of these 16 penetrations, all aRerents served the same eye.
Patch sizes
The Monte Carlo analysis of the patch sizes is based on the assumptions that 1) the patches can be modeled as a series of parallel stripes, in which afferents of opposite types occupy alternate bands with some areas of overlap, and 2) the relative widths of these bands is reflected in the proportions of the responses sampled.
The first assumption is probably valid for the ocular dominance patches, which do appear as a series of roughly parallel bands in reconstructions of transneuronally labeled cortices (20) . We do not know how the center-type patches are patterned. However, even if the center-type patches do not appear as a series of parallel stripes throughout the extent of area 17, stripes may be a good approximation of their appearance over the small areas of cortex mapped. This would be true, for example, for the orientation maps revealed with 2-deoxyglucose (17) or voltage-sensitive dyes (2).
The second assumption also seems to be valid for the ocular dominance stripes. Sixty-three percent of the penetrations in the surface maps in kainate-treated cortices were classified as contralateral-dominated, 24% were classified as ipsilateral-dominated, and 13% were classified as binocular. For an ocular dominance cycle with a period of 1 mm, the contralateral stripes would have a width of 630 pm, ipsilateral stripes would have a width of 240 ,um, and areas of overlap (binocular) would be 65 pm wide. If such stripes were measured in a transneuronal labeling experiment, labeled bands 695 pm wide would be seen contralateral to the injected eye, and bands 305 pm wide would be seen in the hemisphere ipsilateral to the injection. These values are in fairly good agreement with those measured experimentally: labeled bands contralateral to the injected eye were 650 pm wide, whereas bands ipsilateral to the injection were 350 pm wide in material prepared by Law and Stryker (20) . The ratio of the width of contralateral patches to the width of the ipsilateral patches is 2.3 for the stripe analysis and I .9 for the labeled cortices, values differing by only 22%.
This analysis yielded estimates for the period of the ocular dominance patches (950-1,050 pm) that were slightly larger than measurements made on a physically flattened, transneuronally labeled cortex (820 pm, 20). We expected the Monte Carlo analysis to err toward overestimating the patch sizes. The number of patches obtained by rotating the maps on a field of parallel stripes is affected by the shape of the maps: the more elongate the maps in the direction parallel to the stripes, the more inaccurate will be the number of patches. It can be seen by examining Figs. 1 and 7 that most of our maps are elongated along the lateral-medial axis. This direction of elongation is approximately perpendicular to the ocular dominance stripes, which run rostrocaudally in this region of the cortex (20) . We do not yet know the orientation of the maps relative to the orientation of center-type stripes or patches. For the worst case, in which the actual patches are elongated parallel to the long axis of the map, the mean number of patches obtained from the simulation will equal C(O.636 X L/W) -l] X (actual number of patches), where L is the length and lVis the width of the map. When L/Wis equal to 2.0, the simulations result in a mean number of patches 1.9 times greater than the real number; when L/Wis equal to 3.0, the simulations err by a factor of 2.5.
This analysis resulted in a considerable range of estimates for the size of the centertype patches. We conclude from these results that the period ofan ON-MIXED-OFF-MIXED cycle is on the order of hundreds of micrometers rather than tens of micrometers or millimeters, most likely between 425 and 800 pm. Center-type patches therefore are smaller than ocular dominance patches. A second conclusion to be drawn from this analysis is that more refined estimates of the patch sizes require the construction of much larger maps. Additional maps of the same size as those already obtained would not help answer this question. Since the maps from FllO and Fl16 are as large as we are able to construct during the time allowed by the kainate blockade, we believe that further progress on this question will require new techniques.
Relative sizes ofthe ON vs. OFF and contralaterally driven vs. ipsilaterally driven geniculocortical projections
The results of these experiments suggest that there may be a larger ON than OFF projection from ferret LGN to cortex. In the animals used to study the vertical organization of the afferents, 158 (55%) ON units and 13 1 OFF (45%) units were recorded. In the surface mapping experiments, the aggregate activity in a total of 73 (56%) penetrations was classified as ON, 45 (35%) penetrations were classified as OFF, and 12 (9%) penetrations contained nearly equally mixed ON and OFF activity. Such findings are consistent with the results of multiunit recordings in the A-laminae of the LGN in which more ON-dominated sites ( 15 1,62%) were encountered than OFF-dominated sites (8 1, 33%). The remaining sites, found at the borders between leaflets, had mixed ON/OFF activity (44).
Recordings in kainate-treated cortices also revealed a predominance of afferents serving the contralateral eye, even though such recordings were all well within the binocular segment of area 17. In the surface-mapping experiments, 82 (63%) penetrations were classified as contralateral-dominated, 3 1 (24%) were classified as ipsilateral-dominated, and 17 (13%) penetrations were approximately equally binocular. Such contralateral dominance is consistent with the results of the transneuronal labeling experiments mentioned above, as well as with the finding in intact cortices that two to four times as many multiunit recording sites are dominated by the contralateral eye as are dominated by the ipsilateral eye, depending on the region of the binocular segment in which responses are sampled (20) .
General organization ofcenter-type and ocular-dominance patches
The experiments reported here were limited to a small area on the dorsal exposed surface of area 17, a region representing the central 15' of azimuth and -5 to -20' of elevation. The pattern of the ON and OFF patches throughout area 17 was not accessi-ble using present electrophysiological methods: the duration of the kainate-induced blockade of cortical cell activity is insufficient to allow us to map large areas of the cortex. In previous studies (20) , the pattern of ocular dominance patches throughout area 17 was made apparent using transneuronal labeling techniques.
No such purely anatomical technique appears to be available to exclusively label the terminals of either the ON or OFF geniculocortical axons. We are currently attempting to selectively label the OFF geniculocortical projection by combining the 2-deoxyglucose technique with administration of 2-amino-4-phosphonobutyric acid, a glutamate analog that selectively blocks the ON retinogeniculate pathway (12, 35, 40) .
Within the areas of cortex mapped in this study, the center-type patches and ocular dominance patches generally do not share the same borders. This independence of center-type and ocular dominance patches is similar to that which h ocular domina rice and as 011 been reported for .entation columns in macaque striate cortex (17) . Such an arrangement would allow each point in the visual field to be represented by both ONcenter and OFF-center afferents and, within the bin .ocular segment, afferents serving both the contralateral and ipsilateral eyes. Complete coverage of the visual field by both ON and OFF cells occurs among the a-ganglion cells in the cat's retina: each retinal point is covered by the dendritic tree of at least one ON-center and one OFF-center a-retinal ganglion cell (47). It 1s reasonable that this coverage is maintained to in suppose the projection from retina to LGN, and then from LGN to cortex.
A question that arises is how the visuotopit maps within the ON and OFF and contralateral-eye and ipsilateral-eye projections interdigitate. Within a single penetration, regions of the visual field represented by ON afferents and OFF afferents are often largely nonoverlapping.
This disparity is to be expected if the organization of the cortex is a compromise between maintaining retinotopy and segregating the ON and OFF (or contralateral and ipsilatera 1) afferents. Within each patch, there should be an orderly progression in receptive fields unti 1 the border with the next patch is reached; th .e microtopography should then be repeated in the new patch. Unfortunately, the surface mapping results do not shed any light on this question; the scatter in receptive-field locations within a penetration prevents the construction of accurate topographic maps from the few multiunit responses recorded at the top of layer IV. A similar displacement in the receptive-field locations of cells driven by the contralateral and ipsilateral eyes has been observed at the borders between ocular dominance columns in layer IV of monkey striate cortex, and the size of this displacement has been shown to be a function of the widths of the columns and the local magnification factor (16) .
Comparisons among species
Although the existence of ON-center and OFF-center retinal ganglion cells is common to mammalian retinas (32), the organization of the central projections of these cell classes varies among species. ON-center and OFFcenter cells are found in separate layers or sublayers in the LGNs of mink (21) The organizations of the ON and OFF geniculocortical projections have been less extensively studied, but striking differences have emerged among species. In ferrets and mink (27), the axons from ON and OFF LGN cells terminate in separate patches in the plane of layer IV. In tree shrews, the axons from ON and OFF LGN cells stratify within separate sublaminae of layer IV (7). This segregation is maintained at least through the first synapse in striate cortex (19) . However, the segregation of ON-center and OFF-center cells into separate laminae of the LGN may not necessarily result in subsequent segregation of the projections of these laminae to area 17: no evidence has been reported for the anatomical segregation of ON and OFF geniculocortical axons in macaques. Functional sign$cance
The interspecies variability in the pattern of organization of the ON and OFF channels raises several questions about the functional significance and development of each pattern. There does not appear to be a simple correspondence between the pattern of the geniculocortical projection and the receptive-field types of the cortical neurons in area 17: orientation-selective simple, complex, and hypercomplex cells are found in all of the species mentioned above, despite major differences in the organization of the geniculate laminae and the pattern of geniculocortical terminations of ON and OFF cells. However, differences in the proportions and laminar distribution of each cell type and subtle differences in the organization of cells with different types of subfields may not have been revealed in most of the studies cited. LeVay et al. (22) have reported just such species-differences in cats and mink: cortical neurons with similar contrast preferences cluster in mink but not in cats.
The present experiments do not address the question of whether the ON 300 pm in cats, 9, 18, 25) . Therefore, only the few cortical neurons located in the center of a patch would be accessible to one class of afferents exclusively.
LeVay and his colleagues (22) have recently addressed the question of the convergence of ON-center and OFF-center geniculate afferents onto cortical cells in mink. They recorded from single cortical units and assessed the relative strengths of the responses to the onset and offset of light slits presented in various regions of the receptive field. Half of the units studied responded at least twice as vigorously to one sign of contrast as to the other, and 15% of the units showed quite a strong (~9) preference. Units with a common contrast preference were reported to be arranged in columns.
The parceling of layer IV into separate ON and OFF domains would provide a convenient anatomical substrate for the construction of simple cell receptive fields according to the model originally proposed by Hubel and Wiesel (15) . However, as attractive as this proposal is, a patchy distribution of ONcenter and OFF-center afferents is clearly not necessary for the formation of such receptive fields: ON and OFF axons appear to be intermingled in layer IV of area 17 of the cat (22) the species in which "simple" receptive fields were originally described.
Schiller and Malpeli (36) have suggested that the segregation of ON-center cells and OFF-center cells into separate geniculate laminae would permit the selective modulation of ON and OFF cells by nonretinal inputs to the LGN. LeVay et al. (22) have proposed that a similar explanation could apply to the ON and OFF patches in the cortex. Development
It is also possible that the segregation of ON-center and OFF-center cells into separate geniculate laminae and/or the segregation of the geniculocortical terminals in the cortex are functionally neutral consequences of developmental mechanisms that exist for other purposes. For example, a mechanism that strengthens simultaneously active afferent inputs to a common postsynaptic cell may have been selected for because it refines topographic maps. This mechanism could also cause ON/OFF segregation, which might have no adaptive significance or particular importance for visual processing. Alternatively, it might not matter functionally precisely how things are segregated, but economy of connections may make it advantageous for segregation to take place, as suggested by Hubel and Wiesel (15) .
The similar organization of the eye-specific and center-type-specific channels of the ferret's retinogeniculocortical projection tempts us to propose that the same developmental mechanisms could give rise to both types of segregation. Ferrets should provide a useful model system for studying these mechanisms.
Ferrets are born relatively early during the development of the retinogeniculate projection, at a time when the axons from the two eyes almost completely overlap in the LGN. The axons segregate into eye-specific laminae during the first two postnatal weeks. Leaflet formation is first detected anatomically late in the second postnatal week, when denser autoradiographic labeling is seen in the inner portions of each geniculate lamina after intraocular injections of 'H-proline (23) .
Leaflet formation thus begins before the time of natural eye opening in ferrets (around postnatal day 28), implying that patterned visual activity is not required for the initiation of this process. It is not known when center-type patches or ocular domi-
